tle is known about collecting duct adenylyl cyclase (AC) isoforms or regulation in the mouse. We performed RT-PCR for AC isoforms 1-9 in microdissected cortical (CCD) and outer medullary (OMCD) and acutely isolated inner medullary (IMCD) collecting duct. All collecting duct regions contained AC3, AC4, and AC6 mRNA, while CCD and OMCD, but not IMCD, also contained AC5 mRNA. Acutely isolated IMCD expressed AC3, AC4, and AC6 proteins by Western blot analysis. The mIMCD3 cell line expressed AC2, AC3, AC4, AC5, and AC6 mRNA; M-1 CCD cells expressed AC2, 3, 4, and 6, while mpkCCD cell lines contained AC3, AC4, and AC6 mRNA. AVP stimulated cAMP accumulation in acutely isolated mouse IMCD; this was reduced by chelation of extracellular calcium (EGTA) and almost completely abolished by blockade of calmodulin (W-7). Blockade of calmodulin kinase with KN-93 or endoplasmic reticulum calcium ATPase (thapsigargin) also reduced the AVP response. A similar inhibitory effect of W-7, KN-93, and thapsigargin was seen on forskolin-stimulated cAMP content in acutely isolated mouse IMCD. These three agents had the same pattern of blockade of AVP-or forskolin-stimulated AC activity in acutely isolated rat IMCD. AVP responsiveness in primary cultures of mouse IMCD was also reduced by W-7, KN-93, and thapsigargin. Small interfering RNA (siRNA) designed to knock down AC3 or AC6 in primary cultured mouse IMCD significantly reduced AVP-stimulated cAMP accumulation. Together, these data are consistent with a role of AC3 and AC6 in the activation of mouse collecting duct by AVP. calcium; cAMP ADENYLYL CYCLASES (ACs) are key regulators of arginine vasopressin (AVP) action in the collecting duct, including modulation of water and sodium reabsorption, chloride secretion, and cell proliferation (21, 43, 45, 57) . While a host of other factors have been reported to stimulate collecting duct cAMP production, including aldosterone (46), PGI 2 (56), PGE 2 [via EP 4 (35)], ␤-adrenergic agonists (58, 62), oxytocin (61), adenosine (26), angiotensin II (30), and glucagon (1, 24), relatively (compared to AVP) few studies have examined these pathways or determined their physiological significance. Inhibitors of collecting duct cAMP production have almost exclusively been studied in the context of AVP stimulation; such negative regulators of AVP-stimulated cAMP accumulation include PGE 2 [likely via EP 3 (10)], dopamine (44), ATP (29, 41), adenosine (42), endothelin-1 (ET-1) (36), and others.
calcium; cAMP ADENYLYL CYCLASES (ACs) are key regulators of arginine vasopressin (AVP) action in the collecting duct, including modulation of water and sodium reabsorption, chloride secretion, and cell proliferation (21, 43, 45, 57) . While a host of other factors have been reported to stimulate collecting duct cAMP production, including aldosterone (46) , PGI 2 (56) , PGE 2 [via EP 4 (35) ], ␤-adrenergic agonists (58, 62) , oxytocin (61) , adenosine (26) , angiotensin II (30) , and glucagon (1, 24) , relatively (compared to AVP) few studies have examined these pathways or determined their physiological significance. Inhibitors of collecting duct cAMP production have almost exclusively been studied in the context of AVP stimulation; such negative regulators of AVP-stimulated cAMP accumulation include PGE 2 [likely via EP 3 (10) ], dopamine (44) , ATP (29, 41) , adenosine (42) , endothelin-1 (ET-1) (36) , and others.
Despite such extensive studies on cAMP modulation of AVP action in the collecting duct, relatively little is known about which AC isoforms are involved. There are nine membranebound and one cytoplasmic AC (6) . The nine membrane-bound AC isoforms are uniquely regulated by G␣ and G␤␥ G protein subunits, divalent cations, small molecules, posttranslational modification, and subcellular localization (6) . There have been some studies on AC isoform expression in the collecting duct, albeit these have been almost exclusively confined to the rat. In general, investigators have failed to detect AC1, AC7, or AC8 mRNA or protein anywhere in the collecting duct (cortex through inner medulla) (7, 27) . AC2 mRNA has been detected in cortical collecting duct (CCD) and inner medullary collecting duct (IMCD), albeit quite faintly (7, 27) . AC3 mRNA and protein were found in IMCD by one group (27) , but no AC3 mRNA was detected by another (7) . A mouse CCD cell line, mpkCCDc14, was found to express AC3 mRNA (11) . AC4 mRNA has been reported throughout the collecting duct, albeit perhaps highest in cortical regions (7, 27, 47) . AC5 mRNA was found in CCD and outer medullary collecting duct (OMCD) but not IMCD (7, 13) ; one group localized AC5 mRNA to intercalated, but not principal, cells (24) . Interestingly, soluble AC appears to localize to intercalated but not principal cells (38) . AC6 mRNA and protein are found throughout the collecting duct and appear to be relatively highly expressed in the entire nephron (7, 13, 27, 47) . AC9 mRNA was detected in the entire nephron, albeit faintly in CCD (7) and IMCD (27) . Thus, at least in the rat, the collecting duct may express the membrane-bound AC isoforms 2, 3, 4, 5, 6, and 9; however, this is in need of clarification. Virtually nothing is known about collecting duct AC isoform expression in the mouse-identification of such expression would be particularly useful in helping to design rational genetic engineering studies that could examine the functional significance of the various isoforms. Consequently, the first part of the present study examined membrane-bound AC isoform expression in the mouse collecting duct.
The role of specific AC isoforms in mediating AVP-stimulated cAMP production in the collecting duct has not been extensively studied. Hoffert et al. (27) found that inhibitors of calmodulin (CaM) markedly decreased AVP responsiveness in rat IMCD. On the basis of the assumption that the only CaM-regulated ACs are 1, 3, and 8, and that rat IMCD did not express AC1 or AC8, they concluded that AC3 is a major regulator of AVP-induced cAMP accumulation. Given this observation, one might predict that AC3-knockout mice would have an inappropriate diuresis; however, such animals were reported not to have significant alterations in urine volume (although they did have a reduced glomerular filtration rate) (40) . In addition, recent findings have challenged the traditional concept of CaM regulating only the classic "calciumstimulated" AC isoforms (AC1, 3, and 8). Indeed, CaM inhibition has now been shown to decrease carbachol activation of transfected AC6 in HEK-293 cells (5) . How CaM is involved in AC6 regulation is uncertain, but new findings have helped develop a hypothesis about this system. Depletion of endoplasmic reticulum calcium stores causes release of calcium influx factor, which displaces CaM from CaM kinase (CaMK)II as well as from so-called calcium-independent (a misnomer in this case) phospholipase A 2 (iPLA 2 ) (4). A binding site responsible for calcium-dependent iPLA 2 regulation by CaM has been identified; displacement of CaM from iPLA 2 can accelerate iPLA 2 activity (3). iPLA 2 produces lysophospholipids that can open store-operated calcium channels, leading to inhibition of AC6 (4, 48) . Thus CaM inhibition might lead to reduced AC6 activity. Consequently, the present study examines the role of key components of this proposed pathway in modulating AVP-stimulated cAMP content in the collecting duct. We report that both AC3 and AC6 are likely to modulate AVP-induced AC activity and further confirm a role for AC3 and AC6 by examining AVP responsiveness in cells in which AC isoform expression has been knocked down.
METHODS
Materials. KN-93, W-7, and thapsigargin were obtained from Calbiochem (San Diego, CA). All antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). All other reagents were obtained from Sigma Chemical (St. Louis, MO) unless specifically stated otherwise.
Acutely isolated IMCD preparations. Primary isolates of mouse (C57BL/6, 25 g) or rat (Sprague-Dawley, 200 -250 g) IMCD cells were obtained with a modification of previously described procedures (50, 51) . Institutional Animal Care and Use Committee approval was obtained for the use of mice and rats for these purposes. Mouse renal inner medullas were minced and incubated at 37°C in 0.1% collagenase (type I; Worthington, Freehold, NJ) containing 0.01% DNase (type I) in Hanks' balanced salt solution (HBSS) supplemented with 15 mM HEPES (pH 7.4). When a suspension containing predominantly single cells and individual tubules was obtained (ϳ45 min), the digest was filtered through a 74-m-mesh screen to remove any residual tissue. The tubule suspension was centrifuged at 1,500 rpm for 5 min, and the cell pellet was resuspended in 10% bovine serum albumin in HBSS, followed by an additional two centrifuge/washes with HBSS. The final pellet containing primarily tubules was resuspended in HBSS-HEPES. This procedure has previously been shown to yield predominantly collecting ducts (50, 51) .
Cell culture. Freshly isolated mouse IMCD were grown in primary culture as previously described (51) . The cell suspension was plated in 24-well plates in Renal Epithelial Cell Growth Medium (REGM, Cambrex, Walkersville, MD) containing epidermal growth factor, insulin, hydrocortisone, gentamicin, amphotericin, 0.5% fetal bovine serum, epinephrine, tri-iodothyronine, and transferrin (concentrations are proprietary). Once cells reached confluence, the medium was changed to DMEM-F-12 alone for 16 -24 h before study.
cAMP studies. Freshly isolated rat or mouse or cultured mouse IMCD were preincubated in HBSS-HEPES buffer (pH 7.4) containing 1 mM 3-isobutyl-1-methylxanthine (IBMX) for 30 min at 37°C, followed by addition of AVP or forskolin for 5 min. In studies involving additional treatments (inhibitors), theses agents were added for 30 min after IBMX and before addition of AVP or forskolin. The concentrations of W-7, KN-93, and thapsigargin were based on previous reports of the compounds' IC 50 and specificity (25, 39, 54) . At the end of the incubations, cellular cAMP and total protein were determined. cAMP was extracted from cells by addition of 70% ethanol overnight at Ϫ20°C. The sample was then centrifuged and the ethanol removed from the cell pellet. The ethanol was evaporated, the residual material was resuspended in assay buffer and cAMP was assayed with a commercial enzyme immunoassay kit (Assay Design, Ann Arbor, MI). The cell pellet (precipitated in ethanol) was redissolved in 0.1 N NaOH for determination of total cellular protein by the Bradford assay.
Western blot analysis of adenylyl cyclases. Acutely isolated mouse IMCD were prepared as above and homogenized in 300 M sucrose, 10 mM triethanolamine, 1 mM EDTA, and Roche Complete protease inhibitors pH 7.2. The homogenized samples were centrifuged at 4,000 g for 10 min to pellet the unhomogenized fraction and nuclei. The supernatant was removed to a new tube. The pellet was rehomogenized and centrifuged as before, and the supernatants were combined. The membrane fraction was isolated by centrifugation at 17,000 g for 60 min. The pellet was suspended in phosphate-buffered saline. Protein concentration was determined by the Bradford method. For analysis, protein was solubilized in Laemmli buffer containing 0.5% lithium dodecyl sulfate. Samples were run on a denaturing NUPAGE 4 -12% Bis-Tris minigel using a MOPS buffer system (Invitrogen, Carlsbad, CA). Proteins were transferred to a polyvinylidene difluoride (PVDF) plus nylon membrane by electroelution and visualized with the Advance ECL system (GE Healthcare, Piscataway, NJ). Densitometry was performed with a Bio-Rad gel documentation system (Hercules, CA).
Anti-AC antibodies used for immunoblotting were incubated with membranes in blocking buffer [5% milk-Tris-buffered saline-Tween 20 (TBST)] overnight at 4°C at concentrations from 1:25,000 to 1:100,000. The primary antibodies used were rabbit polyclonal anti-AC3, 4, 5/6, or 7 and goat polyclonal anti-AC9. Secondary horseradish peroxidase-conjugated antibodies (either goat anti-rabbit or donkey anti-goat) were incubated at room temperature in blocking buffer. After visualization, blots were stripped and incubated with anti-␤-actin antibody (Abcam, Cambridge, MA) at 1:10,000 in blocking buffer (to confirm adequate loading) and then exposed to secondary antibody as above. Mouse brain was used as a positive control.
RT-PCR of adenylyl cyclase mRNA. Total RNA was isolated from primary IMCD cultures and collecting duct cell lines derived from CCD or IMCD (M-1, mIMCD3, and mpkCCD). Cells were grown under the same conditions as described above for primary IMCD cultures. RNA was also obtained from microdissected mouse CCD and OMCD, as well as acutely isolated mouse IMCD. RNA was isolated with acid phenol, and potentially contaminating genomic DNA was removed by incubation with RNase-free DNase I (Promega, Madison, WI). Reverse transcription was performed on 3 g of total RNA with oligo(dT)12-18 and SuperScript II according to the manufacturer's protocol (Invitrogen). PCR primers were designed from mouse cDNA sequences to span an intron in order to distinguish genomic contamination. PCR amplification was performed with Taq polymerase (Invitrogen). All products were sequenced to ensure fidelity of amplification. Primers used are described in Table 1 . Gels were stained with ethidium bromide. Brain was used as a positive control.
Small interfering RNA studies. Acutely isolated mouse IMCD cells were plated on 96-well plates and grown to Ͼ90% confluence. The medium was replaced with Accell medium containing 1 M small interfering RNA (siRNA) directed against AC3, AC4, or AC6 or a nontargeting control siRNA (Dharmacon, Chicago, IL). The cells were incubated with the siRNA for 3 days. For AVP studies, at 72 h after transduction the medium was replaced with HBSS containing 1 mM IBMX and returned to the incubator for 30 min, followed by a 5-min incubation with 1 nM AVP, and cAMP content was determined as described above. For AC isoform and GAPDH mRNA determination, RNA was isolated from transduced cells and mRNA was determined by real-time PCR (Smart Cycler, Cephid, Sunnyvale, CA).
Statistics. Comparisons of cAMP accumulation between the different conditions was done with one-way analysis of variance with the Bonferroni correction. P Ͻ 0.05 was taken as significant. Data are expressed as means Ϯ SE.
RESULTS

Expression of adenylyl cyclases by collecting duct.
The presence of mRNA for each of the membrane-bound AC (AC1-9) isoforms was determined in mouse collecting duct. Microdissected CCD and OMCD and acutely isolated (by digestion and centrifugation) IMCD were studied. As described in Table 2 , AC3, AC4, and AC6 mRNA were consistently detected and yielded relatively strong signals in all three regions of the collecting duct. AC2, AC7, and AC9 mRNA were inconsistently and weakly detected throughout the collecting duct. AC5 mRNA was consistently and relatively strongly detected in CCD and OMCD but was never found in IMCD. A representative gel demonstrating the pattern of AC isoform mRNA expression in mouse IMCD and brain (as a control) is shown in Fig. 1A .
Since mRNA expression does not necessarily equate to the presence of protein, AC expression was examined by Western blot analysis. AC protein content could not be determined in microdissected CCD or OMCD because of insufficient sample size (tubules could only be obtained by microdissection); however, adequate tissue could be obtained from acutely isolated IMCD. AC3 and AC4 protein were readily detected (Fig. 1B) ; an antibody that did not discriminate between AC5 and AC6 consistently showed a strong signal. Commercially available antibodies purportedly specific for AC6 were tested; however, no signal, in brain, whole kidney, or IMCD, was observed. We could not find antibodies specific for AC5. Antibodies to AC7 and AC9 (faint signals were seen on PCR) gave no signal in acutely isolated IMCD; however, they did yield detectable bands with mouse brain homogenates as a control. Taken together, the mRNA and protein expression data indicate that the only AC isoforms expressed by IMCD are AC3, AC4, and AC6. CCD and OMCD may also express AC5.
Biochemical characterization of AVP-stimulated collecting duct adenylyl cyclases. IMCD were used in these studies since this is the only region of the mouse collecting duct from which adequate tissue could be obtained for biochemical characterization experiments. Numerous factors affecting collecting duct AC exist; however, these studies focused primarily on the major regulator, AVP. Since IMCD expressed only AC3, AC4, and AC6, attempts were made to discriminate between these All primers are shown in the 5=-3= orientation. AC, adenylyl cyclase. M-1 cell line
Ϫ, None detected; Ϯ, inconsistent or weak signal; ϩ, strong consistent signal; n ϭ5 for each data point. IMCD, inner medullary collecting duct; OMCD, outer medullary collecting duct; CCD, cortical collecting duct. isoforms in terms of which ones were involved in AVPdependent cAMP accumulation. In the first set of studies, a dose response for 0.01-100 nM AVP was determined (in the presence of phosphodiesterase inhibition). Maximal responsiveness was observed with 1 nM AVP; furthermore, the difference between unstimulated and AVP-treated cells was most evident after 5-min exposure to AVP. Consequently, 5-min exposure to 1 nM AVP was used for all subsequent studies. Unstimulated (no AVP) cells had virtually undetectable levels of cAMP; hence all subsequent data represent the effect solely of AVP Ϯ added agents. The calcium sensitivity of AVP-stimulated cAMP accumulation was tested with 5 mM EGTA; EGTA reduced AVP-stimulated cAMP to 26 Ϯ 3% of values seen with AVP alone (Fig. 2) . These data suggested that a large part of the AVP response was calcium dependent and that calcium stimulated part of the AVP-induced cAMP accumulation. Such characteristics are typical of AC3 (17) but not AC4 (calcium independent) or AC6 [generally believed to be inhibited by calcium (49) , although as discussed below, the calcium response of AC6 may be more complex]. To further explore calcium dependence, the effect of chelation of intracellular calcium with BAPTA was examined. BAPTA, at 1, 2, or 10 M, had no effect on AVP-sensitive cAMP content (Fig. 2) , suggesting that that the AVP response was primarily dependent on extracellular calcium entry. To more clearly define the role for calcium-dependent pathways, the effect of CaM inhibition with W-7 was determined (Fig. 3A) . W-7 (25 M) markedly reduced AVP-induced cAMP, indicating that the AVP response is dependent on calcium-regulated CaM. To further define such regulation, the effect of inhibition of CaMKII was determined with KN-93. KN-93 (10 M) also substantially inhibited AVP-dependent cAMP accumulation; similar results were obtained with 1 M KN-93 (data not shown). Since CaMKII has been reported to inhibit AC3 (19, 59 ) and may stimulate AC6 activity (4), these data suggest that AC6 may also play a role in AVP-induced cAMP accumulation. Thapsigargin, a blocker of the endoplasmic reticulum calcium ATPase, has been reported not to affect AC3 (20) but to inhibit AC6 activity [via stimulation of capacitative (store operated) calcium entry (CCE)] (6, 18, 52). Thapsigargin (5 M) inhibited AVP-induced cAMP content in IMCD (Fig. 3) , again suggesting a role for AC6. Finally, the effect of PKC inhibition was examined since PKC has been shown to increase AC3 (52) while decreasing AC6 (6) activity. PKC blockade with 10 M H-7 caused a 26 Ϯ 7% increase in AVP-stimulated cAMP content (P Ͻ 0.05 vs. AVP alone; n ϭ 12), while PKC inhibition with 100 nM calphostin C caused a comparable response (Fig. 4) . These data also support a role for AC6 in mediating the AVP response.
All IMCD ACs were activated with forskolin in the presence of W-7, KN-93, or thapsigargin for comparison with the AVP response. As shown in Fig. 3B , W-7 markedly reduced (by 90%) forskolin-stimulated cAMP accumulation, indicating that the vast majority of membrane-bound AC activity in the IMCD is CaM regulated (i.e., likely AC3 and AC6). KN-93 also reduced forskolin-induced cAMP, although this was to a lesser extent than with W-7. Thapsigargin also reduced forskolinstimulated AC activity. Overall, the effect of these agents on the forskolin response was qualitatively similar to that seen with AVP. Together, these data indicate that the primary ACs in IMCD that mediate signaling are AC3 and AC6 (although a role for AC4 is not ruled out). Previous studies characterizing AC activity used the rat. To facilitate comparison with this data, we examined AVP and forskolin responsiveness in acutely isolated rat IMCD (Fig. 5) . Although not quantitatively identical, the pattern of responses to W-7-, KN-93-, and thapsigargin-mediated inhibition of AVP-or forskolin-stimulated cAMP accumulation was very similar to that seen in the mouse. On the basis of these criteria, AVP regulation of mouse and rat ACs in the IMCD has substantial commonality.
Characterization of adenylyl cyclases in cultured collecting duct and effect of AC isoform knockdown. The above studies suggest that AC3 and AC6 are involved in AVP-stimulated cAMP accumulation in the collecting duct. While AC3 has been purportedly implicated in such a role [at least in the rat (27) ], AC6 modulation of AVP response has not been clearly identified. To more definitively (as opposed to biochemical characterization) investigate such a role for AC isoforms, studies were untaken in which AVP responsiveness was assessed when AC3, AC4, or AC6 expression was inhibited. Since cultured mouse collecting duct was required for these studies, we first investigated whether cultured mouse collecting duct cells expressed ACs and responded to AVP in a manner similar to acutely isolated IMCD. Primary cultures of IMCD had the same AC mRNA expression pattern as acutely isolated IMCD (Table 2 ). Several mouse cell lines were then studied. The CCD-derived cell lines (M-1 and mpkCCD) expressed AC3, AC4, and AC6 mRNA but, unlike microdissected CCD, did not express AC5 mRNA. mIMCD3 cells, derived from mouse IMCD, also contained AC3, AC4, and AC6 mRNA but, unlike acutely isolated IMCD, also expressed AC5 mRNA. On the basis of mRNA expression pattern, primary cultures of mouse IMCD were deemed the best cell culture model to further examine AVP responsiveness. AVP-and forskolin-stimulated cAMP accumulation in primary cultured mouse IMCD cells was inhibited by W-7, KN-9, and thapsigargin (Fig. 6 ). These responses followed the same pattern as seen in acutely isolated IMCD, although the magnitude of each response in cell culture was not identical to that seen in freshly isolated cells. In particular, the overall CaM responsiveness in the cultured cells appeared to be less than in freshly isolated IMCD. On the basis of this data, primary cultures of mouse IMCD seemed a reasonable, albeit not perfect, model to examine the role of AC isoforms in mediating AVP-regulated cAMP levels. To accomplish this, cells were treated with siRNA directed against AC3, AC4, or AC6, with a random sequence as a control (Fig. 7) . The siRNA against AC3 and AC6 caused an ϳ40% decrease in AVP-stimulated cAMP accumulation, while the AC4 siRNA had no significant effect. Despite these decreases in AVP responsiveness, we were unable to detect significant decreases in AC3, AC4, or AC6 mRNA after targeted siRNA treatment. Part of the problem related to the high intrinsic variability in the amounts of AC isoform mRNA (despite measurement of 15-18 different samples of cells treated with a given AC For cAMP studies, control cells (treated with irrelevant random sequence RNA) or cells treated with AC isoform-specific siRNA were preincubated with 1 mM IBMX for 30 min, followed by addition of 1 nM AVP for 5 min (n ϭ 16 -18 each data point). *P Ͻ 0.01 vs. control; **P Ͻ 0.001 vs. control. isoform siRNA), making detection of a significant reduction in mRNA problematic.
DISCUSSION
The goal of the present study was to 1) identify the membrane-bound AC isoforms expressed by the mouse collecting duct and 2) identify their role in mediating AVP-stimulated cAMP accumulation. With regard to the first goal, our data indicate that cells from all regions of the mouse collecting duct are likely to express AC3, AC4, and AC6. This conclusion is based on the findings that CCD, OMCD, and IMCD express AC3, AC4, and AC6 mRNA while IMCD contains AC3, AC4, and AC6 protein. It was also noted that AC5 mRNA was strongly detected in CCD and OMCD but not in IMCD. Taken together, these findings agree with previous studies in the rat in that they support the notion that AC3, AC4, and AC6 are the major AC isoforms expressed by the collecting duct while AC5 is expressed exclusively by intercalated cells (7, 13, 24) . Our studies do not permit determination of which cell type(s) (i.e., principal vs. intercalated) in the CCD and OMCD express AC3, AC4, and AC6. Attempts were made at immunostaining renal sections with AC antibodies; however, we were not successful in obtaining clear isoform discrimination with this methodology. Finally, it is notable that we detected AC5 in mIMCD3 cells; this suggests that caution should be used when interpreting studies examining cAMP responses with this cell line.
While the physical presence of specific AC isoforms in a given nephron segment can be reasonably well ascertained, determination of their role in mediating AVP-induced cAMP production is more challenging. Part of the difficulty stems from the absence of isoform-specific inhibitors. The current inhibitors include 1) P site inhibitors (adenosine analogs that inhibit ACs by binding to the active site; a newer series of P site inhibitors has been developed but remains unproven with regard to AC isoform specificity; 2) 2=(3=)-O-(N-methylanthraniloyl) (MANT) nucleotides or various ATP analogs that inhibit ACs but are not isoform specific; 3) forskolin analogs (both agonists and antagonists) in development; and 4) a variety of other nonspecific inhibitors (6, 28) . An additional issue is that AC isoform function may be largely influenced by subcellular localization, thereby complicating interpretation of global cell function. In support of this notion is the finding that some ACs colocalize subcellularly with specific G proteincoupled receptors, phosphodiesterase 4, protein kinase A (PKA), gravin, and A-kinase anchoring proteins (16) . It should also be noted that many studies examining AC isoform specificity have utilized overexpression strategies that may lead to spurious results. As stated above, it is becoming increasingly evident that AC specificity resides partially in their subcellular compartmentalization; this distribution may be altered in heterologous transgene expression approaches. For example, AC6 is expressed in caveolae in aortic smooth muscle cells, but when overexpressed it is not found in caveolae (37) . Finally, opposing results have been reported on regulation of a given AC isoform by different laboratories, typically when using different cell types or expression conditions. Given these limitations, the current state of the art for defining the role of particular endogenous AC isoforms in mediating agonist-stimulated cAMP production largely involves the use of pharmacological agents that alter signaling pathways purportedly involved in the unique regulation of individual, or a subset of, AC isoforms. Toward this end, the present study primarily focused on pharmacological manipulation of largely calciumregulated ACs since 1) AC3 and AC6 are both calcium regulated and 2) initial experiments indicated that the vast majority of AC activity in the mouse collecting duct was dependent on calcium-regulated pathways.
The present study found that AVP-and forskolin-stimulated cAMP accumulation was markedly calcium dependent in mouse collecting duct. Furthermore, similar observations were made in rat collecting duct. These findings are in agreement with other studies in rat IMCD (27) and suggest that AC3, the major known AC isoform to be stimulated by calcium, is a key regulator of AVP action. AC3 appears to localize to caveolinrich fractions in lipid rafts, at least in some cell types (37) . Interestingly, AC3 localizes to primary cilia in brain (8)-there is no information on AC3 subcellular localization in collecting duct. While a major characteristic of AC3 is its regulation by calcium, the manner of such regulation is controversial. Calcium has been reported to activate AC3 via CaM (17, 27, 52) ; however, since AC3 does not have a consensus CaM binding site, how this occurs is uncertain. It is notable that in heterologous expression systems CaM activation of AC3 requires 10-fold greater concentrations of CaM compared with those required to activate AC isoforms with CaM consensus binding sites (AC1 and AC8) (17) . A confusing aspect of AC3 is that it is also inhibited by submicromolar concentrations of calcium; this effect is exerted through activation of CaMKII, which can directly phosphorylate AC3 (19, 59) . A key question is where the calcium comes from that inhibits AC3 through CaMKII and stimulates AC3 through CaM. This is largely unresolved but has been theorized to relate to highly compartmentalized calcium microenvironments influencing AC3 (59) . One concept is that cAMP-stimulated PKA activation causes phosphorylation of endoplasmic reticulum inositol trisphosphate (IP 3 ) receptors, leading to localized release of calcium from intracellular pools, and ultimate activation of CaMKII (59) . However, others have reported that AC3 may not be affected by calcium release from IP 3 -sensitive stores but is instead regulated by extracellular calcium entry though calcium channels (52) . The nature of such extracellular calcium entry is not fully ascertained but does not involve thapsigarginsensitive CCE (20) . Consideration of these findings indicates that, while AC3 is undoubtedly involved in mediating AVP signaling, it is unlikely to be fully responsible for all of AVP-stimulated cAMP accumulation. We observed that CaMKII inhibition reduced AVP-induced cAMP production; if only AC3 were involved, CaMKII blockade should have increased AVP responsiveness. Furthermore, we observed that thapsigargin reduced AVP-stimulated cAMP accumulation, an effect that has been reported to be independent of AC3. We also found that PKC inhibition increased AVP-induced cAMP production; such inhibition would have been predicted, if anything, to reduce AC3 activity (15, 19, 52) . Finally, we did observe that AC3 siRNA significantly reduced AVP-enhanced cAMP content. While the magnitude of the AC3 knockdown could not be ascertained, these data did clearly indicate that AC3 is indeed involved in mediating AVP actions in the IMCD.
The vast majority of AVP-stimulated AC activity was found to be calcium dependent; however, a small fraction (ϳ10 -20%) was not affected by calcium or calcium-regulated pathways. Such activity may relate to AC4; however, relatively little is known about this AC isoform. It is widely expressed and is activated by G protein-coupled receptor stimulation via G␣ s or inhibited by G␣ i (17, 19) ; however, it has not been linked to stimulation of any specific receptor. PKC effects are somewhat controversial, being mainly reported to stimulate, but on one occasion to inhibit, AC4 (52) . We were unable to detect an effect of AC4 siRNA on AVP-stimulated cAMP levels, suggesting that this isoform is not critically involved in AVP signaling. However, this conclusion has the caveat that AC4 activity may not have been completely abolished by the siRNA treatment. Further studies are needed to clarify the role of AC4 in mediating AVP-or other agonist-stimulated cAMP accumulation.
AC6 regulation has been extensively studied; its regulation is quite complex. Several factors or protein kinases can inhibit AC6 activity, including nitric oxide (22, 32) , PKA (6), receptor tyrosine kinase activation/tyrosine phosphorylation (6, 17) , and PKC (6) . Indeed, several of these factors have been shown to inhibit AVP-stimulated cAMP accumulation in the collecting duct (9) ; the finding in the present study that PKC blockade increased AVP-stimulated cAMP production supports, albeit does not prove, a role for AC6. A unique feature of AC6 (and AC5) is inhibition by submicromolar calcium concentrations (49) . As discussed above, the responsible mechanism(s) are incompletely understood; however, CCE may be primarily involved (6, 18, 52) . Further, and unlike AC3, CaM/CaMKII can stimulate AC6 activity (5, 6) . The findings that thapsigargin-activated CCE and CaMKII blockade inhibited AVP-stimulated AC activity further support the notion that AC6 is involved in the AVP response. The most convincing evidence for a role for AC6 comes from our observation that AC6 siRNA reduces AVP-stimulated cAMP production in IMCD cells. As for the AC3 studies, we can definitely say that AC6 is involved in mediating AVP actions in the IMCD; however, the relative contribution of AC6 remains to be determined.
Identification of specific AC isoforms that mediate AVP responsiveness may be of significant physiological and pathophysiological relevance. AVP has multiple effects on the collecting duct that conceivably could be due to activation of different AC isoforms. In addition to stimulation of osmotic water permeability, AVP increases epithelial sodium channel activity in CCD via stimulation of cAMP (45) ; cAMP increases epithelial sodium channel expression in the apical membrane of collecting duct cells (12, 23, 34) . Both AVP and cAMP stimulate urea transport in acutely isolated collecting duct segments (43) . Interestingly, AVP-stimulated IMCD urea permeability is reduced by CaM blockade, suggesting involvement of AC3 or AC6 (27) . In addition, ET-1 inhibits AVPstimulated collecting duct water, but not urea, permeability (36) ; since ET-1 inhibits cAMP synthesis, this suggests that AVP-induced cAMP pools regulating urea and water transport may derive from different AC isoforms, or at least ACs in different subcellular compartments. Finally, collecting duct cells secrete chloride in response to AVP, forskolin, or cAMP (14, 57) . These effects of AVP and cAMP on collecting duct water, sodium, urea, and chloride transport could be mediated by one or more AC isoforms; clarification of these pathways would yield important physiological insights. However, perhaps the greatest significance relates to the role of AVP in cyst fluid accumulation and cell proliferation in polycystic kidney disease (PKD). A recent study found that crossing Brattleboro rats with rats with autosomal recessive PKD (Pkhd1 knockout) resulted in almost complete inhibition of cystogenesis, while exogenous AVP restored the full cystic phenotype (60) . This cystic effect of AVP is thought to be due to stimulation of cAMP (21) . When the COOH-terminal tail of mouse polycystin-1 is overexpressed in collecting duct cells cAMP agonism stimulates cell growth, while in normal cells cAMP inhibits cell growth (53) . Embryonic renal tubules from PKD1 kidneys respond to cAMP with CFTR-dependent cystic dilation (31) . Most importantly, clinical trials have been initiated examining the effectiveness of AVP receptor antagonism in ameliorating kidney disease in patients with PKD (55) . A significant potential side effect of such V 2 blockade is inappropriate diuresis; clearly, if the proliferative and/or chloride secretory effects of AVP are mediated by different AC isoforms than the waterretaining effects, then impetus would be given to the development of strategies to target specific AC isoforms.
In summary, the present study identified AC3, AC4, and AC6 as the predominant AC isoforms throughout the mouse collecting duct; AC5 may also be present, most likely in intercalated cells. AVP-induced cAMP accumulation is mediated by AC3 and AC6, while a role for AC4 cannot be fully excluded. These studies on the initial characterization of mouse collecting duct ACs and AVP responsiveness will pave the way for subsequent investigations into the physiological and pathophysiological roles of the individual collecting duct AC isoforms. Ultimately, mice with collecting duct-specific knockout of the key AC isoforms identified in this study (starting with AC3 and AC6) should be highly informative. Such studies, in which principal (2) or intercalated (33) cells can be specifically targeted, are clearly the future direction for unraveling our understanding of the biological functions of this complex AC system in the collecting duct.
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